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1 Introduction 
Human enamel has a complex hierarchal microstructure, constituting 96 % mineral, 3 % 
water and 1 % organic protein [1]. The mineral content is a hydroxyapatite, sometimes 
referred to as a calcium deficient hydroxyapatite (HA) due to the constant dynamic flux of 
metal ions occurring with the oral environment [2,3]. Prior to tooth eruption, secretory 
ameloblasts form the fundamental microstructural unit of enamel. The enamel rod or prism, 
runs from the edge of the inner dentine to the outer enamel surface, having only 3-7 µm 
diameter whilst up to 4 mm length, with each prism interlocked by an organic protein 
complex [1,4]. The orientation and alignment of the prisms as they course within the 
enamel are so variable that it is very difficult to trace any individual prism’s path through 
the tooth [5–7]. However, some important micro-structural patterns are known, such that 
each prism interlocks in a honey-comb or fish-scale like pattern and travels in a sinusoidal 
pattern towards the surface to decussate perpendicular to the occlusal surface whereas on 
the axial surfaces of the tooth the prisms are angulated around 60° the surface [8]. Ultra-
structurally within the prism, the orientation of crystallites are not uniform [9,10] and 
further structural considerations include Retzius lines and prism cross striations which are 
linked to the formation of the enamel [7].  
All these variations affect the biomechanical performance of the enamel as it undergoes 
wear whether from chemical (acid erosion) or mechanical (attrition and abrasion) 
challenges. In vitro erosive tooth wear models normally employ polishing of enamel to 
remove the outer layer to reduce structural variations, and thus facilitate measurement 
[11]. However, this means the outer layer, which contains areas of aprismatic and prismatic 
enamel which is less susceptible to erosion [12–16], has been removed and therefore the 
erosion model maybe less clinically relevant.  
However, the measurement of enamel in its naturally curved state has perceived difficulties. 
Contact and optical systems map the surface either using a stylus or a light source combined 
with software containing specific algorithms [17]. However, for both types of system the 
overall shape and type of surface can affect the measurement capability. Specifically, 
accuracy which is the closeness in agreement to a measured value or its ‘true’ value, 
whereas, resolution is smallest detectable measurement that a device can record and finally 
precision is the closeness in agreement to a series of measurements, and expressed as SD.  
All these factors differ for flat and curved surfaces [18,19]. Hewlett et al 1992 [20] 
demonstrated by measuring a sphere gauge, using a contact profilometer, that accuracy and 
precision decreased over sloped areas. The light source of an optical system distorts and 
elongates over slopes reducing accuracy and precision [21]. It has previously been identified 
that profilometric step height measurements of natural enamel resulted in a precision (SD) 
of 3.9 µm compared with 2.2 µm for polished enamel [22]. Surface roughness 
measurements have been advocated and increasingly used for the quantification of early 
erosive tooth wear, but with limited success in natural enamel samples [15,23,24]. In a 
study investigating the microstructure of dental hard tissues, Ranjitkar et al 2016 noted that 
measuring sloped regions resulted in increased drop out from the laser [25]. These 
developments have significance when trying to establish appropriate laboratory protocols to 
effectively assess the effects of enamel erosion. Whilst studies suggest that natural enamel 
is more resistant to roughness change, to fully interpret this type of data the measurement 
error for both enamel substrates (natural and polished) must also be investigated, which so 
far has not been done. 
The aims of this study were to determine the precision of surface roughness measurements 
of naturally curved (natural) enamel and polished flat enamel and to compare the surface 
effects of a dietary erosive challenge on the 3D roughness of these two types on enamel 
substrates. 
2 Methods 
Forty-two enamel sections (5 mm x 5 mm x 3 mm) were prepared from the mid-buccal 
aspect of sound human molars donated under ethical agreement (REC: 12/LO/1836) and 
embedded in bisacryl composite material (Protemp4™ 3M ESPE, Germany) prior to random 
allocation to either natural or polishing. Twenty-one enamel samples were partially 
embedded with their maximum buccal convexity positioned centrally leaving their outer 
surface accessible to ultrasonication and alcohol cleaning, thus resulting in 3 mm x 2 mm of 
natural exposed enamel, as shown in Error! Reference source not found.. The remaining 
twenty-one enamel samples were fully submerged and polished to a flatness tolerance of 
0.4 µm using a series of silica carbide grits and a water cooled rotating polishing machine 
(Struers LaboPol-30, Struers, Copenhagen, Denmark) and ultrasonicated on completion of 
polishing regime following previously published protocols [11]. 
A 655 nm Confocal Laser Displacement sensor (LT-9010M, Keyence Corporation, Japan) and 
motion controlled profilometry stage (Xyris 2000, Taicaan, UK) were used throughout the 
study, in combination with surface metrology software (MountainsMap® v7.3, DigitalSurf, 
France) to measure 3D Sa surface roughness following ISO texture measurement standards 
[26]. The profilometer had a spot size of 2 µm and vertical resolution of 100 nm, with a 4 µm 
lateral scanning interval. An image analysis workflow was designed to apply a 25 µm robust 
Gaussian filter and extract 3D (Sa) roughness values (µm) centred around the centre of the 
polished enamel surface and the zenith (maximum bulbosity) of the natural enamel sample 
surface as shown in Figure 1, following previously published protocols [27].  
The precision of 3D surface texture measurement was determined by performing repeated 
scans following good practice measurement guidelines [28]. Five measurement areas (each 
0.04 mm²) were selected from the centre of each sample using an image acquisition macro 
written within the motion control software (Stages™, TaiCaan Technologies, Southampton, 
UK) to ensure consecutive repeated scanning of each area 30 times, thus ensuring there 
were no changes to conditions. Following image acquisition, the mean (SD) Sa surface 
roughness (MountainsMap® v7.3, DigitalSurf, France) of the 30 scans of each area measured 
and the precision was expressed by calculating the variability of measurement (i.e. SD in 
nm) [29]. 
To simulate dietary wear an erosion model was designed to investigate surface roughness 
changes following in vitro exposure to dietary acid, based upon previously published 
protocols [14,27]. A 3-cycle erosion regime was investigated using a total of 40 enamel 
samples (20 polished and 20 natural). Enamel samples were fully immersed in 100 mL of a 
commercial orange juice with pH 3.2 and titratable acidity 41.3mmol OH/L (Sainsbury’s basic 
orange juice drink, Sainsbury’s, London, UK) for 15 minutes per cycle under constant 
agitation at 62 rpm using an orbital shaker (Stuart Scientific, Mini Orbital Shaker S05, Bibby), 
thus giving a total erosion time of 45 minutes. A single operator located and analysed five 
scan areas per sample, at baseline and after erosion, in order to calculate the mean (SD) Sa 
surface roughness change (µm), as shown in Figure 1.  
To qualitatively characterise the enamel surface changes, representative confocal images 
were acquired from polished and natural samples using tandem scanning microscopy in 
white light reflection mode (Noran Instruments, Middleton, WI, USA) in conjunction with a 
x20 objective lens (M-Plan SLWD Brightfield ×20/0.35 NA) and an automatic z-stage piezo 
electric controller (E-662.SR LVPZT Piezo Amplifier/Position Servo Controller, Physik 
Instrumente, Germany). For each sample an 85 µm Z stack at 0.5 µm intervals was acquired 
using proprietary image acquisition software (Micromanager v1.4.22, Open Imaging; Inc. 
San Francisco, CA, USA) in order to capture information from the surface and immediate 
subsurface (<85 µm) enamel. The resulting stack of 2D images was processed by a stack 
analyser programme (ImageJ, US National Institutes of Health, Bethesda, MD) to produce an 
optimised 533 µm x 533 µm pseudo-topography image for qualitative texture analysis.  
2.1 Statistical analysis 
Precision was expressed by calculating the variability (SD) of the 30 repeated measurements 
(nm) for each of the 5 analysis areas. 3D roughness data were exported from the surface 
analysis software to spreadsheet software (Microsoft Excel 2010) and the mean Sa 
roughness of the five measurement areas was calculated (µm) per sample for statistical 
analyses. Histogram plots were used to data were normally distributed, data sets which 
were not normally distributed were log transformed if positively skewed. F tests were used 
to compare the variability (standard deviation) and P<0.05 considered statistically 
significant. 
For the analysis of 3D surface roughness during erosion, the mean Sa from the five 
measurement areas were calculated per sample prior to calculation of the group change in 
Sa roughness before vs. after erosion. The group roughness change data were normally 
distributed therefore Independent T Tests were used to compare Sa roughness changes 
before vs. after erosion times and P<0.05 considered statistically significant. 
3 Results 
Table 1 shows the precision of 3D enamel surface (Sa) roughness measurements. The data 
shows optimal precision at the central measurement area (Area 3) for both the polished 
enamel (1 nm) and natural enamel (7 nm) and worst precision of 5 nm for the natural 
enamel and 23 nm for the polished enamel. Therefore, for polished enamel there were 
statistical differences between the precision of measurement for the top left and bottom 
right measurement areas (i.e. 1 vs 5) (P<0.001), top right and bottom left measurement 
areas (i.e. 2 vs 4) (P<0.05) and the central and bottom left measurement areas (i.e. 3 vs 4) 
(P<0.001). Equally for the natural enamel, there were statistical differences between the 
precision of measurement for the central; top right; bottom left and bottom right 
measurement areas (i.e. 1 vs 3,4 and 5) (P<0.001) and the central; top right and bottom 
right measurement areas (i.e. 2 vs 3,5) (P<0.001).  
The results of the surface texture changes after the erosion are shown in Table 2. The 
polished enamel samples displayed a statistically significant increase of 48 % in roughness 
after erosion resulting in a mean (SD) roughness change of 0.10 (0.07) µm after 45 minutes 
immersion in orange juice (P<0.05). In contrast, natural enamel displayed almost the 
opposite trend with a statistically significant 45 % decrease in roughness and thus became 
significantly smoother, resulting in a mean (SD) roughness change of -0.32 (0.42) µm after 
45 minutes immersion in orange juice (P<0.05). 
Figure 2 shows the confocal images acquired from the 85 µm of surface/subsurface enamel 
surfaces which revealed substantially different baseline surface features prior to erosion. 
The polished enamel surface before erosion was essentially featureless with no discernible 
micro-structural histological features evident, whereas the natural enamel surface was 
highly textured. The natural enamel surface displayed smaller scale surface features which 
took the form of a round honeycomb like lattice, superimposed on longer range features 
which had the appearance of undulating hills and dales, which were in turn superimposed 
on an irregularly curved profile of the natural enamel surface. However, the appearance of 
the two surfaces after erosion revealed greater similarities, with both revealing a 
predominance of very smaller features across the entirety of the enamel surface which was 
appearing to obliterate the longer range features seen in the natural enamel surface prior to 
erosion.  
4 Discussion 
This study identified that the optical measurement system could reliably identify Sa 
roughness changes as small as 5 nm for polished enamel and 23 nm for natural enamel. 
Whilst there were differences in the precision of measurement across the five measurement 
areas, these differences were minimal of 4 nm for polished and 16 nm for natural enamel 
therefore suggesting that the level of precision is within the limits of detection required for 
reliable measurement of 3D surface texture changes of enamel undergoing erosion 
[18,20,27].  
There has recently been increased interest in investigating surface changes of natural 
enamel surfaces which are a more clinically relevant substrate [14,15,31,32]. However, 
difficulties have been identified specific to optical devices, whereby measurement drop out 
occurs over curvatures with push the angular tolerance of the device [25]. Previously, we 
conducted a study comparing the Sa roughness over different locations of natural and 
polished enamel samples, identifying that measurements from the centre of a natural 
enamel sample could be considered representative of the overall sample [27]. This area 
could also be described as ‘zenith’ or apex of the curvature which is attributed to area 3 of 
measurement in this study. This region had the highest level of precision for natural enamel. 
Therefore, this would reaffirm that to increase precision of measurement and allow genuine 
interpretation of surfaces changes of natural enamel, measurements should be taken from 
this ‘zenith’. Interestingly there were statistically significant differences between the five 
areas for both natural and polished enamel, suggestive of the involvement of some element 
of biological variation in the surface enamel.  
The level of roughness change detected for both polished enamel and natural enamel were 
within the capabilities of the device. By determining the equipment was capable of truly 
identifying changes at this level one can be confident that this statistical inference is indeed 
a true negative. Baseline values for natural enamel indicate a complex textured surface, 
which is supported by visual evidence from the confocal images, thereby the effect of 
roughness change value is partly determined by the baseline values and the variation within 
the sample micro-structure. Natural enamel became significantly smoother after erosion 
whilst polished enamel became rougher, following recent trends [15,24,27,33]. These 
differences in behaviour between the two surfaces cannot be attributed to the differences 
in measurement capabilities and remain true representations. Therefore, they suggest 
natural enamel becoming smoother following acid exposure is a true quantification of the 
surface textural changes. Following erosion, the micro-histological textural features of 
natural enamel such as perikymata were reduced, the overall surface flattened and an 
increased number of enamel prisms exposed. This suggests that acid erosion of human 
enamel has the effect of eliminating longer wavelength features which dominate the natural 
enamel surface [34], however it is not yet known to what extent this may be used to 
prevent progression of erosion. Natural enamel has been described as being more resistant 
to erosion compared to polished enamel and certainly the effects of erosion are less 
pronounced [12,13,15,16,33]. This study supports this previous work and has identified that 
natural or polished enamel surfaces exhibit contrasting responses to a similar erosive 
challenges, thus suggesting that preserving the acid-resistant outer layer of enamel may be 
essential for clinical management for erosive wear [35]. 
5 Conclusion  
This study demonstrates a method for precise surface texture measurement of both 
polished and natural enamel. This opens up further possibilities for characterising the initial 
effects of acid erosion in natural enamel in order to develop optimal effective prevention 
methods prior to irreversible structural enamel loss occurs. Future studies should 
investigate the response of natural enamel to erosive and protective factors in order to 
provide a clinically representative model for greater understanding of the erosive process.  
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